Purpose This paper aims to determine how truck driver steering behaviour seen in repeated exposures to a critical event correlates to the behaviour resulting from an unexpected exposure to the same event.
Introduction
Road traffic accidents constitute a large problem on a global scale. Apart from great economical and social costs, the accidents also cause a significant number of injuries and deaths. The number of worldwide fatalities have recently been estimated at over one million per year [15] , of which 8 % occur in Europe. Driver behaviour is widely considered as a contributing factor in many road traffic accidents. Therefore, research efforts regarding the safety aspects of such behaviour have been intensified during recent years [9] .
As a way to understand and further study the impacts of driver behaviour, models that capture aspects of driver behaviour are being developed (for a recent review, see [12] ). An important goal of driver behaviour research is to find simple phenomenological relations that explain driver behaviour in certain situations. Examples of such behaviour could, for instance, be braking behaviour as a function of headway to an obstacle [8] , or steering behaviour as a function of perceptual inputs [14] .
Data used in the development of a driver model are typically collected from real-world driving experiments or driving simulator studies. In most experimental arrangements, the intention is to mimic realistic scenarios in order to measure realistic behavioural responses in drivers. However, fully realistic scenarios cannot easily be accomplished in a non-naturalistic driving experiment. In particular, in order to obtain sufficient amounts of data for statistical analysis and development of driver models, it might be necessary to expose each driver to the studied scenario multiple times. This is so since, for economical and other reasons, one often cannot involve a very large number of drivers in an experiment. Furthermore, for driver model development, in view of the individual differences between drivers, one generally needs quite many data points from each driver in order for meaningful model development to be possible. Before making use of the results obtained from such experiments one must therefore first understand the effects (if any) of repeated exposures to the scenario under study.
Previously, several studies have considered driver reaction times in braking scenarios [5] . It has been shown that, when reacting to expected (e.g. repeated) events, drivers' brake reaction times are reduced significantly [2, 10] . Furthermore, it has been concluded that test subjects brake earlier and more strongly in repeated events [10] . However, it has also been shown that some behavioural aspects might be preserved in repeated exposures [2] . In this paper, the effects on driver steering behaviour caused by repetition of a critical event are studied.
The data used for the analysis presented in this paper were collected in a truck simulator study regarding driver behaviour in connection with an electronic stability control (ESC) system. In the experiment, the truck drivers were asked to drive on a road in a winter environment, where they were exposed to an unexpected critical lead vehicle braking scenario, inducing a rapid steering manoeuvre. In a brief pre-study, the unexpected scenario was not found to be reliable in inducing sufficient ESC-relevant (loss of control) data, and the scenario was therefore repeated several times for each driver.
The analysis presented here will be centred on the effects of steering behaviour caused by the repeated exposures to the scenario rather than the effects on driver behaviour caused by the ESC system. Furthermore, only events in which the driver successfully evaded a collision with the lead vehicle will be considered. Events involving a collision should be studied separately since the typical driver behaviour appears to be fundamentally different, in particular for the unexpected case.
In order to ascertain the validity of steering data collected from repeated exposures, a statistical comparison between aspects of the unexpected and the repeated data has been carried out. Four different criteria (C1-C4) for measuring the validity of repeated exposure data have been defined as: 
C1

Method
Data were collected in a high-fidelity moving-base truck simulator at the Swedish National Road and Transport Research Institute (VTI). The simulator uses a moving base platform providing lateral movement as well as roll and pitch rotations. A visual system provides a 105 • field of view using forward-facing projectors, and emulated rear mirrors using monitor screens. For the study considered in this paper, a six-wheeled rigid truck with a wheel base of 6.2 m (from first to last axle) was simulated.
Simulator experiment
Scenario
The main scenario used in the experiment was originally proposed in [2] and involves a critical lead vehicle braking scenario, as illustrated in Fig. 1 The deceleration continued until the POV stopped completely (with one exception, described in the next paragraph). Right before the deceleration, the speed was instantaneously set to v 1 in order to ensure that the time headway was always less than, or equal to, T b . When the critical scenario was initiated, the road friction was lowered from μ 1 to μ 2 in order to emulate a slippery road surface. As seen in Table 1 , the scenario was parametrized for three different versions: (i) unexpected avoidance (UA), (ii) repeated avoidance (RA), and (iii) catch trial (CT), i.e. a version in which no steering avoidance was needed. In the CT, the POV deceleration ended at speed v 3 and was then followed by an acceleration a acc . The CT was included so that the drivers would not be certain regarding the nature of a repeated event, i.e whether it was an RA scenario or a CT scenario.
The parameters for the RA scenario were chosen so that the test subjects would initiate their steering approximately at the same time in the repeated events as they did in the unexpected scenario. In order to meet this requirement, a larger deceleration d b was used in the repeated events and in the catch trials so as to compensate for reduced reaction times [5] , and the speed v 3 was used so as to control the time at which the test subjects initiated evasive steering. (i) a brief pre-study in a fixed base simulator, and (ii) computer simulations using a simple driver model. Both the UA and RA events were tuned such that evasive braking alone was insufficient to avoid a collision.
Experimental procedure
The experiment consisted of three parts with a preceding training session. The last part, involving a double lane change on a cone track, will not be discussed in this paper. The training session, inspired by [7] and [13] , included driving in steady-state traffic as well as a few repetitions of non-critical braking and steering exercises. The total length of the training session was about ten minutes and it was carried out on the same simulated road as the critical scenario (described above).
In the first part of the experiment, the test subjects were instructed to drive normally at 80 km/h on the motorway described above. After approximately four minutes of driving, including four overtaking vehicles and a non-critical double lane change induced by a road construction site, the UA scenario occurred. Unknown to the test subjects, half of them had the ESC system present in their trucks, and half did not.
In the second part of the experiment, the subjects were informed about the ESC system and whether or not it was present in their vehicle (explained as an "anti-skid system"). They were also instructed about the RA and CT scenarios (described above), and that both scenarios would be repeated several times in a random order. The drivers were then asked to drive at 80 km/h on the same motorway as in the previous part, and to apply evasive steering only when they considered it required in order to avoid a collision (i.e. only in the RA event).
During the second part, each subject experienced, in random order, four overtaking vehicles, six occurrences of the RA scenario, and eight occurrences of the CT scenario. Note that, in no case did the CT scenario evoke a critical steering avoidance behaviour, and the analysis below thus concerns only the RA scenario in relation to the UA scenario.
Test subjects
In total, 24 test subjects participated in the experiment. The drivers were divided into two equally large groups based on driving experience (low or high). The drivers belonging to the low-experience group were mainly recruited from a local driving school, where they soon would get their licence for truck-trailer combinations. However, all lowexperience drivers already had a driver's licence for the rigid truck simulated in the experiment. The drivers belonging to the high-experience group were mainly recruited from local hauler companies.
Experimental design
The steering manoeuvre was divided into four time intervals, as illustrated in Fig. 2 . The first interval, I 1 , starts at time t 0 when the overtaking car initiates braking, and ends at time t 1 when the truck driver initiates evasive braking. The second interval, I 2 , starts at time t 1 , and ends at time t 2 when the truck driver initiates evasive steering. The interval I 3 starts at time t 2 , and ends at time t 3 when the truck driver has reached the maximum steering wheel angle to the left. Finally, the interval I 4 starts at time t 3 , and ends at time t 4 when the truck driver reaches the largest steering wheel angle to the right. Time t 4 is given as the first (in time) local minimum at which the steering wheel angle signal reached a value less than -20 • , time t 3 is given as the time of the largest steering wheel angle between t 0 and t 4 , and time t 2 is given as the time of the first steering wheel angle value below 8 • when tracking the signal backwards from t 3 . Note that, for the schematic illustration in Fig. 2 , t 4 could have Fig. 2 A schematic illustration of a steering manoeuvre required to avoid a collision in the lead vehicle braking scenario. The overtaking vehicle starts to brake at time t 0 , and the truck driver initiates braking at time t 1 Fig. 3 A typical steering signal extracted from actual driving data. The vertical lines denote the time intervals described in Fig. 2 be defined as the global minimum of the steering wheel angle. However, some steering manoeuvres involved a control loss, in which case subsequent minima of the steering wheel angle could be deeper than the first minimum, hence the definition of t 4 given above. An actual steering response is presented in Fig. 3 .
Independent variables
The independent variables considered in this paper are: test setting (UA or RA), and repetition (one through six).
Dependent variables
A number of dependent variables, presented in Table 2 , were extracted from each event in the driving data. Time to collision (TTC) is measured as the time it would take for the truck to cover the distance between the front of the truck and the rear of the POV (assuming current POV and truck speeds, i.e. disregarding any accelerations). The steering wheel reversal rate (SWRR), was defined as the number of steering wheel reversals per minute, larger than a certain minimum angular value [11] . The data sources are presented in Fig. 2 . The list of criteria is presented at the end of Section 1. Normality was tested for each variable using the Shapiro-Wilk test Pearson's correlation coefficient is also used for two other purposes, first to determine the paired sample correlation of a dependent variable between test settings, in order to see whether driver behaviour is transferred between settings (C3) and second to determine the correlation of a dependent variable between repetitions, in order to study learning effects (C4).
Statistical tests
Three of the four criteria involve an absence of a crucial difference in behaviour. Here, a crucial difference is defined as a medium effect size (|r| > 0.3) [1] .
Results
According to the experimental set-up, the maximum amount of data was 24 repetitions of the unexpected event, and 144 repetitions of the repeated event. Data from one of the repeated events were lost due to experimental problems. In eight unexpected and two repeated events, the test subjects Table 3 The top row shows the theoretical upper limit on the amount of data, based on the experimental design, whereas the second row shows the actual amount of data collected The third row shows the number of events in which the driver initiated steering (i.e. applied a steering wheel angle above 15 • ), the fourth row shows the number of events where the driver successfully avoided a collision, and the bottom row shows the amount of data after filtering (see the main text for a description). The middle column includes repetitions from all drivers whereas the right column only includes repetitions collected from drivers represented in the left column Table 4 The number of repetitions used for each of the test subjects presented in the last row of the last column of Table 3   T estsubject  1  2  3  4  5  6  7  8   Repetitions  3  5  3  5  6  5  3  3 For each test subject, the means of the variables extracted from corresponding repetitions are used in the t-tests did not attempt any evasive steering at all. A successful evasive manoeuvre (i.e. without collision) occurred in 9 of the unexpected events and 88 of the repeated events. As stated in the end of Section 1, all events where a collision occurred were discarded. Four other repeated events were discarded since the test subject violated the instructions by initiating steering directly when the POV began braking. Finally, data from one unexpected event were discarded since the driver steered much earlier compared to the other test subjects (with a TTC of 7.9 s). In Table 3 , Repeated A refers to all repetitions matching the corresponding row criterion, while Repeated B only includes matching repetitions that also share a test subject represented in the left column. In Table 4 , the 33 filtered data points in Repeated B are matched to their corresponding test subject. Figure 4 summarizes the TTC at steering initiation for the retained data points after filtering. In the rest of this section, the steering manoeuvre will be analysed by comparing the dependent variable pairs extracted from the unexpected events with the variables from the repeated events. In order to make it possible to use a paired sample t-test, all repeated events from the same test subjects were merged by calculating the mean of each dependent variable. Therefore, 2 × 8 values will be compared in each t-test.
In Figs. 5, 6, 7, 8 and 9, the left panel compares the unexpected and averaged repeated scenarios, whereas the right panel compares the repetitions over repetition number. The left panel includes the eight sample pairs used in the t-tests, Fig. 4 The TTC at steering initiation of all unexpected and repeated events remaining after filtering (see Table 3 ) Fig. 5 The TTC at time t 2 (steering initiation) and the right panel includes the 84 repetitions presented in the middle column of Table 3 . Error bars show 95 % confidence intervals, calculated under the assumption of a normal sampling distribution.
Situation at steering initiation
When analysing the situation at steering initiation (t 2 ) between test settings, a significant difference was found in one out of three dependent variables: By using the t-test, the significant difference was found in TTC (see Fig. 5 ) between UA (M = 2.86, SD = 0.74) and RA (M = 3.31, SD = 0.60); t (7) = −2.4, p < 0.05, r = 0.67. No significant difference was found in lateral position (see Fig. 6 ) or longitudinal speed.
Steering manoeuvre
The steering manoeuvre was analysed by comparing six of the presented (see Table 2 
Preservation of steering behaviour
By calculating a paired sample correlation, using the same 2 × 8 values as above, one can study the preservation of steering behaviour between both test settings. When testing all the nine dependent variables listed in Table 2 , it was found that four of them had a significant correlation, namely steering wheel angle at times t 3 (p < 0.05, r = 0.94) and t 4 (p < 0.05, r = 0.95), and steering wheel rate in the intervals I 3 (p < 0.05, r = 0.93) and I 4 (p < 0.05, r = 0.97). No other variable correlation showed significance, nor any high values of the Pearson's correlation coefficient r. In Fig. 10 , two examples of paired sample correlation are presented, one with a large r value, and one with a small r value.
Learning effects in steering behaviour
For the analysis of potential learning effects, the data collected in the unexpected scenario were not used. Therefore, since the use of paired data was not required, the 84 data points presented in the middle column of Table 3 could be used. In this case, a strict test of significance would be complicated (but not impossible) since each driver is only represented in a subset of the repetitions, with different subsets for different drivers. Therefore, only the Pearson's correlation coefficient was determined for each dependent variable, and for which a large (absolute) r value would indicate a learning effect.
By calculating Pearson's correlation coefficient for each dependent variable, it was found that no large absolute r values existed. For three of the values, the modulus exceeded 0.1, namely SWRRs in the intervals I 3 (r = −0.12; see Fig. 9 ) and I 4 (r = 0.19), and steering wheel angle at time t 4 (r = 0.11; see Fig. 7 ).
Discussion
The discussion is structured as follows: First the findings in Section 3 will be related to the criteria listed at the end of Section 1. Then, aspects of the experimental setup will be discussed, focusing on repeated critical events for collecting steering behaviour data. Finally, the general applicability of such data will be discussed in the context of driver modelling.
Criteria
The validity of the first criterion (C1) regarding scenario tuning, cannot be entirely confirmed: When drivers initiated evasive steering, (at time t 2 ), there was a significant Fig. 8 The maximum steering wheel rate in interval I 4 (between maximum steering wheel angle to the left, and maximum steering wheel angle to the right) Fig. 9 The 5 • SWRR in interval I 3 (between steering initiation, and maximum steering wheel angle to the left) difference in TTC (p < 0.05, r = 0.67), such that initiation occurred, on average, 0.5 s earlier in the repeated events, resulting in a slightly less critical situation. However, even though the difference is significant and with a large effect size, it might be argued that the difference is sufficiently low for C1 to be fulfilled, since drivers appear to behave similarly during the remainder of the UA and RA scenarios (as discussed below).
At the time of steering initiation, there was no significant difference in lateral position or speed between test settings. For lateral position, one could intuitively assume that test subjects would position their trucks further to the left in a repeated event. No such tendencies were seen, however.
The validity of criterion C2, regarding manoeuvre similarity, can be confirmed, as there were no significant differences between any analysed steering wheel angles, steering wheel rates, or SWRRs. There is, however, an apparent difference (not significant) regarding steering wheel angle at time t 4 (see Fig. 7 ) in the very first repetition. The same phenomenon can be seen in the steering wheel rate during the interval I 4 (see Fig. 8 ). A possible explanation could be that test subjects overestimate the severity of the situation in the first repetition, and then regain a behaviour similar to the one seen in the unexpected event.
Also criterion C3, regarding preservation of individual behaviour appears to be valid. Using paired sample correlation, it was shown that test subjects keep their steering characteristics very well (r values close to 1) regarding maximum steering wheel angles and steering wheel rates. They do not, however, preserve their characteristics regarding SWRRs. Arguably, the criterion can still be considered to be valid, since SWRRs are less important compared to maximum steering wheel angles and steering wheel rates when considering the outcome of the steering behaviour, i.e. avoiding the collision. It should also be pointed out that there were, as stated for the previous criterion, no significant differences in SWRRs between test settings on the population level.
Interestingly, from Fig. 10 one can see that drivers tend to have a lower SWRR value (1 Hz) in the repeated events compared to the unexpected events. A possible explanation, if one considers experience to be scenario-specific, could be related to the fact that inexperienced drivers (in this case meaning drivers that have not yet been exposed to the critical event) in general have a larger SWRR compared to those drivers who have experienced the critical event [3] . In order to explain the observed phenomenon in terms of control, one can hypothesize that an experienced (in the scenario) driver carries out the steering manoeuvre in an open-loop manner, rather than in a closed-loop manner [6] . However, as mentioned above, even though a difference in SWRR between test settings seems probable, no statistically significant difference was found. Finally, the validity of criterion C4, regarding (the absence of) learning effects can be confirmed: There were no crucial (r > 0.3) effects of learning for any of the dependent variables. There were some small effects of learning for the SWRRs (r = −0.12, see Fig. 9 , and r = 0.19), and the maximum steering wheel angle to the right (r = 0.11). However, such small effects would hardly have any bearing here, considering the small number of repetitions.
It should also be pointed out that there were no large effects of learning on lateral position (r = −0.07). Again, one would intuitively assume that drivers should tend to gradually keep further to the left over repetitions. However, no such behaviour was seen.
Experimental set-up
In general, and especially when considering critical situations, the amount of available data is limited. Furthermore, when collecting data from critical situations, there are problems involving safety, cost, and test subject expectancy.
By using multiple repetitions of a critical event, the number of acquired data points can be strongly increased. Furthermore, by using repeated events, one can reduce costs by decreasing the total number of test subjects as well as increasing the efficiency (event rate) during the experiment. Safety problems can also be addressed by using repetitions since it allows for test subjects to be well instructed during the experiment.
However, repetitions typically require some additional work. First, the repeated scenario must be designed to compensate for known effects on driver behaviour. For instance, it was concluded in [10] that driver braking behaviour is largely affected by repetitions, in particular by decreased reaction times and stronger braking. In the case considered here, a significant difference between test settings was found in the TTC at steering initiation. In retrospect, this difference could perhaps have been eliminated by further tuning the parameters for the RA scenario. Secondly, the data collected from repeated scenarios must be validated for the application at hand. For this purpose, it is highly recommended first to collect data from an unexpected version of the scenario under study, as was done in the experiment considered here, and then to make a comparative analysis between the data collected in the unexpected scenario and the repeated tests. Another reason for including unexpected events is that the behaviour observed in repeated events is probably only a subset of all possible types of behaviour for the given scenario.
Applicability in driver modelling
Since all four criteria (C1-C4) were found to be valid, possibly with the partial exception of C1, it has been shown that the steering behaviour collected in repeated events can be used in driver modelling, at least for the case of successful evasive manoeuvres. As seen in Table 3 , only data from 8 out of 24 drivers were used in the comparison. From the remaining 16 drivers: (i) eight did not attempt steering at all, (ii) seven applied steering but still collided with the POV, and (iii) one steered much earlier compared to the other drivers. By using the data analysed in this paper, one can thus only cover a third of the observed behaviour. All four types of behaviour must be covered when generating a general driver model for the critical scenario under study. However, it should be pointed out that it is likely to be much easier to model those drivers that do not apply any evasive steering (i.e. another third of the drivers considered in this experiment).
Conclusion
In this paper, it has been shown that the steering behaviour observed in repeated critical scenarios to a large extent preserves the characteristics of the steering behaviour found in an unexpected critical scenario, making it possible to use data from repeated scenarios in, for example, driver modelling for evasive steering.
It has been demonstrated that a repeated scenario can be tuned so that evasive steering is initiated under the same conditions as in an unexpected scenario. Furthermore, it was found that there were no significant differences in lateral position and speed between test settings. There was, however, a significant difference in TTC (p < 0.05, r = 0.67), but it was argued that the difference did not seem to change the rest of the observed steering behaviour. No significant differences were found in the maximum steering wheel angles or the steering wheel rates during the manoeuvre itself.
It was also found that test subjects keep their steering characteristics between test settings. Very high correlation values (r close to 1) were obtained from paired sample correlation tests of maximum steering wheel angles and maximum steering wheel rates. Furthermore, no large effects of learning (measured using Pearson's correlation coefficient) were found in the collision avoidance manoeuvre.
Using repeated events in an experiment is recommended when large amounts of data are needed, for example when developing driver models. However, it is also recommended to combine the repeated events with an unexpected event in order to make it possible to validate the data collected in the repeated events.
